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Abstract 
Ceruloplasmin, a blue copper oxidase found in plasma, is synthesized in hepatocytes as a single polypeptide chain consisting of a 19 
amino acid leader peptide plus 1046 amino acids of mature protein (132 kDa). Holoceruloplasmin is secreted into the plasma with 6-7 
atoms of copper bound per molecule. In this study we identified apo- and holoceruloplasmin and examined the mechanism of copper 
incorporation during ceruloplasmin biosynthesis using the Long-Evans Cinnamon (LEC) rat which does not incorporate copper into newly 
synthesized ceruloplasmin. We followed the conversion from ceruloplasmin precursor (with little or no carbohydrate) to the larger product 
(after carbohydrate addition), which occurred in the secretory compartments of hepatocytes, by native gel electrophoresis. We found that 
copper accumulates in the hepatocellular Golgi apparatus of LEC rats due to a disorder in the process of copper incorporation. The data 
indicate that copper is incorporated into ceruloplasmin late in the course of its transport through the secretory compartments. 
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1. Introduction 
Ceruloplasmin is a blue copper oxidase found in the 
plasma as an a,-glycoprotein which contains 90-95% of 
circulating plasma copper. Ceruloplasmin is synthesized 
mainly by hepatocytes and secreted into the plasma as 
holoceruloplasmin with 6-7 atoms of copper per molecule 
[l-3]. Both human [4] and rat [5] ceruloplasmin cDNAs 
were cloned, and the complete amino acid and nucleotide 
sequences have been determined. The roles ascribed to 
holoceruloplasmin include copper transport, tissue angio- 
genesis, involvement in iron metabolism, antioxidant de- 
fense, coagulation and immunologic activation [6-101. 
Copper is a cofactor occurring in several types of 
mammalian enzymes such as monooxygenases, amine oxi- 
dases, superoxide dismutase, cytochrome oxidase and 
ceruloplasmin. The reactions catalyzed by these copper 
containing enzymes are critical for homeostasis [ll]. Al- 
though the properties of copper binding to ceruloplasmin 
have been well studied [2,3,12], the biochemical process of 
copper incorporation into ceruloplasmin is not yet under- 
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stood. Recently, Sato and Gitlin [13], using the human 
hepatoblastoma cell line HepG2, reported that the copper 
incorporation occurred early in the course of ceruloplasmin 
biosynthesis. 
The Long-Evans Cinnamon (LEC) rat is known to 
develop hepatitis and liver cancer spontaneously, phenom- 
ena attributed to abnormal copper metabolism [14]. This is 
manifest as excessive accumulation of copper in the liver, 
a reduced level of plasma copper and a remarkable de- 
crease of serum ceruloplasmin activity [l&16]. The accu- 
mulated copper is thought to cause hepatic damage mani- 
fested as hepatitis in young rats and hepatomas in older 
animals. However, the precise mechanism of carcino- 
genesis and its relationship to the copper accumulation in 
the liver are still unclear. Some of the clinical features 
manifested by the LEC rat are similar to those of Wilson 
disease [151. 
A discordance between the measurements of immuno- 
chemically detectable ceruloplasmin and the oxidase activ- 
ity in the LEC rat serum, indicating the existence of an 
apo-form, was found by Yamada et al. [17]. These authors 
suggested that a deficient incorporation of copper atoms 
into ceruloplasmin, as a consequence of an abnormal 
mechanism of copper delivery, accounted for the decreased 
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oxidase activity and for the accumulation of hepatic cop- 
per. 
In this study, we resolved holoceruloplasmin from 
apoceruloplasmin, i.e., ceruloplasmin without a full com- 
plement of copper atoms, by native polyacrylamide gel 
electrophoresis (PAGE), and examined the process of cop- 
per incorporation into ceruloplasmin in subcellular frac- 
tions of LEC and Sprague-Dawley (SD) rat livers. 
tion for 1 h at 100000 X g. The pellets containing the 
enriched fractions were resuspended in 0.25 M sucrose 
using a Potter-Elvehjem homogenizer with a Teflon pestle, 
and subjected to measurements of activities of several 
marker enzymes as follows; /3 l-4 galactosyltransferase 
for Golgi [21], NADH-cytochrome c reductase for rough 
ER [22], acid phosphatase for lysosomes [23], succinic-INT 
reductase for mitochondria [24], and 5’-nucleotidase for 
plasma membrane [25]. 
2. Materials and methods 2.4. Polyaclylamide gel electrophoresis 
2.1. Animals 
Inbred LEC rats were bred under specific pathogen-free 
conditions in the Animal Facilities for Experimental 
Medicine, Akita University School of Medicine. SD rats 
were purchased from SLC (Shizuoka, Japan) and were 
maintained under the same conditions as the LEC rats. Ten 
week old male rats of both strains were killed for the 
present studies. 
2.2. Preparations of holo- and apoceruloplasmin 
For denaturing conditions, each protein sample was 
suspended in 0.0625 M Tris-HCl, pH 6.8/2.3% SDS/S% 
2-mercaptoethanol/lO% glycerol/0.05% Bromophenol 
blue, boiled and then subjected to 6% SDS-PAGE. For 
non-denaturing conditions, each protein sample was sus- 
pended in 0.0625 M Tris-HCl, pH 6.8/10% 
glycerol/0.05% Bromophenol blue with or without 2% 
Triton X-100 (Triton X-100 was added to protein samples 
from the subcellular fractions for solubilization), and sub- 
jected to 7% native PAGE at neutral pH without boiling. 
Protein bands were visualized by Coomassie brilliant blue 
staining or identified by Western blotting. 
Holoceruloplasmin was purified from the SD rat serum 
as described before [18]. Apoceruloplasmin was prepared 
by dialysis of purified rat holoceruloplasmin against 
changes of 0.05 M KCN/O.O75 M potassium phosphate 
buffer, pH 7.6 for 4 days [19]. Ceruloplasmin oxidase 
activity was measured as described [19]. 
2.5. Western blot analysis 
After proteins resolved by PAGE were transferred to 
Immobilon PVDF membrane (Millipore, Bedford, MA), 
2.3. Preparation of subcellular fractions A 
The subcellular fractions were isolated from rat livers 
using the method described by Fleischer [20] with modifi- 
cations. The procedures described below were performed 
at 4°C. The rat livers were removed and weighed before 
homogenization. 5 g of fresh liver were minced with 
scissors and homogenized in 3 volumes of 1.52 M sucrose 
containing 0.1 M sodium phosphate, pH 7.0, using a 
Potter-Elvehjem homogenizer. The homogenate was cen- 
trifuged for 10 min at 1000 X g and the supernatant was 
recentrifuged for 10 min at 10 000 X g. The resulting 
supernatant was adjusted to 1.28 M sucrose by adding 0.1 
M sodium phosphate, pH 7.0, as necessary. 5 ml of the 
homogenate was overlaid sequentially with 5 ml of 1.13 
M, 1.05 M, 0.96 M, and 0.81 M sucrose. The gradient was 
centrifuged for 1 h at 100000 X g. Bands formed at the 
0.81/0.96 M, 0.96/1.05 M, and 1.05/1.13 M sucrose 
interfaces were collected separately, and the precipitate in 
the 1.28 M sucrose fraction was dissolved in 0.5 M 
sucrose. All the fractions were diluted to 50% with 0.1 M 
sodium phosphate, pH 7.0/4 mM dithiothreitol/50 mM 
EDTA and centrifuged for 10 min at 16 000 X g. Fractions 
containing the Golgi and the rough endoplasmic reticulum 
(ER) were recovered from the supematants by centrifnga- 
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Fig. 1. Identification of holo and apoceruloplasmin by PAGE. Protein 
samples were subjected to a 6% polyacrylamide gel under denaturing 
conditions (A) or a 7% polyacrylamide gel under non-denaturing condi- 
tions (B). Lane 1, holoceruloplasmin (5 pg/well); lane 2, apoceruloplas- 
min (5 pg/well). Lane M in panel A, molecular weight standards. 
Proteins were detected by staining with Coomassie brilliant blue. 
B 
1 2 
60 K. Terada et al. /Biochimica et Biophysics Acta 1270 (1995) 58-62 
1 2 3 4 
Fig. 2. Identification of serum ceruloplasmin in the SD and LEC rats by 
PAGE. Protein samples were subjected to a 6% polyacrylamide gel under 
denaturing conditions (Al or a 7% polyacrylamide gel under non-denatur- 
ing conditions (B). Lane 1, holoceruloplasmin; lane 2, apoceruloplasmin; 
lane 3, SD rat serum diluted to 1:800; lane 4, LEC rat serum diluted to 
1:800. Ceruloplasmin was detected by Western blotting. 
the blot was blocked with phosphate-buffered saline (PBS), 
pH 7.0, containing 10% non-fat dry milk and 0.2% Tween- 
20 for 1 h, and then washed four times with PBS contain- 
ing 0.2% Tween-20 (PBS-T). The blot was incubated in 1 
ml of PBS-T containing 2% non-fat dry milk and 1 ~1 of 
rabbit anti-rat ceruloplasmin antibody for 1.5 h, then 
washed five times with PBS-T. Subsequently, the blot was 
incubated in 30 ml of PBS-T containing 2% non-fat dry 
milk and 1.5 ~1 of horseradish peroxidase linked anti-rab- 
bit IgG. After washing five times with PBS-T, the blot was 
detected with a chemiluminescence reagent (RENAIS- 
SANCE, DuPont NEN, Boston, MA) according to the 
instruction manual. 
2.6. Measurement of copper concentration 
The copper concentration in the subcellular fractions of 
liver and serum were determined by a polarized Zeeman 
atomic absorption spectrophotometer (Hitachi, Japan, 
Model 180-80). 
3. Results 
Ceruloplasmin obtained from SD rat serum posessing 
oxidase activity (2.2 OD/min per mg protein), identified 
as holoceruloplasmin, contained 6 atoms of copper per 
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Fig. 3. Identification of ceruloplasmin in the subcellular fractions of the 
SD and LEC rat livers by PAGE. Protein samples (5 pg/well) were 
subjected to a 6% polyacrylamide gel under denaturing conditions (A) or 
a 7% polyacrylamide gel under non-denaturing conditions (B). Samples 
in lane 1, 3,5, and 7 are from the SD rat, and lane 2, 4, 6, and 8 from the 
LEC rat. Lane 1 and 2, serum; lane 3 and 4, the Golgi fraction; lane 5 and 
6, rough ER; lane 7 and 8, the post nuclear fraction. Ceruloplasmin was 
detected by Western blotting. Sera taken from the SD rat and the LEC rat 
were diluted to 1:800 and 1:400, respectively, and 5 ~1 of portions were 
applied to the gels. 
molecule, while apoceruloplasmin, prepared from the same 
serum fraction, contained less than one atom of copper and 
had no oxidase activity. Both holo- and apoceruloplasmin 
migrated at the same position, corresponding to 132 kDa, 
when analyzed by SDS-PAGE (Fig. 1A). However, under 
non-denaturing conditions, holoceruloplasmin (band 11 mi- 
grated faster than apoceruloplasmin (band 2) (Fig. lB), 
enabling the distinction between holoceruloplasmin and 
apoceruloplasmin. 
When serum of SD and LEC rats was examined by 
PAGE under denaturing conditions, ceruloplasmin was 
detected at the same position in both strains of rats (Fig. 
2A). However, under non-denaturing conditions, identical 
mobility patterns to those of purified holo- and apocerulo- 
plasmin were found in the serum of both strains of rats 
(Fig. 2B). Immunoblots showed about twice as much 
ceruloplasmin in the SD than in the LEC rat serum. 
In order to investigate the intracellular process of cop- 
per incorporation into ceruloplasmin, we isolated the sub- 
cellular fractions from livers of both strains of rats and 
compared the progression of ceruloplasmin through the 
secretory compartments by PAGE. 
At first, to asess the identities of the subcellular frac- 
Table 1 
Distribution of marker enzymes in sucrose gradient fractions of rat liver 
Fraction Galactosyltransferase NADH-cytochrome c reductase Acid phosphates Succinate-INT reductase S-Mononucleotidase 
(nmol/h per mg protein) (nmol/min per mg protein) (nmol/min per mg protein) (nmol/min per mg protein) 
0.81/0.96 M 8.97 * 1.05 159 f 14 29.2 f 5.6 1.08 f 0.07 37.9 f 11.3 
0.96/X05 M 3.80 f 1.30 294 f 44 41.4 + 4.8 3.82 + 1.62 50.3 f 10.6 
1.05/1.13 M 1.90 f 0.62 492 f 202 54.2 f 14.4 12.8 + 4.60 69.5 f 8.8 
1.28 M 0.59 f 0.06 829 + 77 66.2 + 19.1 4.58 + 0.54 30.2 f 6.6 
Enzyme activities were determined as described in Materials and methods. Values are mean + S.D. of three separate experiments (n = 3). 
K. Teraa’a et al. /Biochimica et Biophysics Acta 1270 (1995) 58-62 61 
tions, we determined the activities of several marker en- 
zymes as summarized in Table 1. The fraction at the 
0.81/0.96 M sucrose interface contained the highly en- 
riched activity of galactosyltransferse, a marker for the 
Golgi. By contrast, the precipitate in the 1.28 M sucrose 
fraction contained the highest activity of NADH-cyto- 
chrome c reductase, the major portion of which resides in 
the rough ER [26]. Consequently, we considered the frac- 
tion at the 0.81/0.96 M sucrose interface as the Golgi-en- 
riched fraction and the precipitate in the 1.28 M sucrose 
fraction as the rough ER-enriched fraction, respectively. 
Under denaturing conditions, two species of cerulo- 
plasmin are seen in the Golgi-enriched fractions of liver in 
both strains of rats (Fig. 3A, lanes 3 and 4). The slower 
migrating band (band 1) corresponds to the form of cerulo- 
plasmin detected in the serum (Fig. 3A, lanes 1 and 2), 
while the faster migrating band (band 2) corresponds to the 
form of ceruloplasmin present in the rough ER (Fig. 3A, 
lanes 5 and 6). However, under non-denaturing conditions, 
the Golgi-enriched fraction of the SD rat displays three 
species of ceruloplasmin (Fig. 3B, lane 3), while that of 
the LEC rat contains only the upper two bands (band 1 and 
2, Fig. 3B, lane 4). The slower of these two bands (band 1) 
seems to correspond to ceruloplasmin detected in the 
rough ER (Fig. 3B, lanes 5 and 6). The faster band (band 
2) seems to be identical with apoceruloplasmin, compara- 
ble to LEC rat serum ceruloplasmin (Fig. 3B, lane 2). The 
fastest migrating band (band 3, Fig. 3B, lane 3) detected in 
the Golgi-enriched fraction of the SD rat liver seems to 
correspond to SD rat serum holoceruloplasmin (Fig. 3B, 
lane 1). 
Based on signal intensity, both strains of rats exhibit 
similar amounts of ceruloplasmin in their subcellular frac- 
tions. However, the amount of immunologically detectable 
ceruloplasmin in the serum of the LEC rat is much less 
than that of the SD rat (Fig. 2, lanes 3 and 4, and Fig. 3, 
lanes 1 and 2). 
To investigate the intracellular distribution, we mea- 
sured the copper content in the subcellular fractions of SD 
and LEC rat livers. It is evident that the Golgi-enriched 
fractions contain higher concentrations of copper than the 
rough ER in both strains of rats (Table 2). Moreover, the 
subcellular fractions of LEC rat livers contain 1536-times 
more copper than SD rats do (Table 2). 
Table 2 
Cu concentration of subcellular fractions in liver and serum of SD and 
LEX rats 
Golgi fraction Rough endoplasmic Serum 
( pg/mg protein) reticulum ( pg/ml) 
( pg/mg protein) 
SD 14W 0.020 0.005 0.773 
LEC 14W 0.321 0.179 0.145 
The copper concentration was determined by atomic absorption spec- 
trophotometry. Values are means of three SD rats and two LEC rats. 
4. Discussion 
In this study, we identified the holo- and apo-forms of 
rat ceruloplasmin and ascertained the existence of both 
forms in the serum of SD and LEC rats by non-denaturing 
PAGE (Fig. 2B). Though a previous study had reported 
[13] that human ceruloplasmin could be resolved as holo- 
and apo-forms by SDS-PAGE without boiling, such a 
resolution could not be achieved with rat ceruloplasmin. 
Once rat ceruloplasmin was dissolved in the sample buffer 
containing SDS, it was impossible to distinguish holoceru- 
loplasmin from apoceruloplasmin by SDS-PAGE even 
without heat treatment. Therefore, we omitted SDS from 
the sample buffer and used non-denaturing gels. Under 
these conditions mobility differences between holo- and 
apoceruloplasmin were evident (Fig. 1B). Generally, the 
migration of proteins in non-denaturing gels depends on 
their compositions of amino acids and carbohydrates [27]. 
However, the two forms of ceruloplasmin prepared for this 
experiment did not differ in amino acid and carbohydrate 
compositions, because apoceruloplasmin was obtained by 
dialysis from holoceruloplasmin. Alternatively, such a mo- 
bility difference may be caused by conformational changes 
due to defective copper incorporation. This interpretation 
seems to be consistent with recent reports which demon- 
strate conformational changes of transferrins associated 
with iron binding [28,29]. Our results indicate that differ- 
ences in the mobilities of holo- and apoceruloplasmin 
under non-denaturing conditions may be due to differences 
in copper contents. Similar mobility differences of the two 
forms of ceruloplasmin were recently demonstrated by 
non-denaturing PAGE [30]. 
In order to examine the intracellular process of holo- 
ceruloplasmin biosynthesis, we isolated subcellular frac- 
tions from rat liver homogenates [20,31]. We regarded the 
0.81/0.96 M sucrose interface as the Golgi-enriched frac- 
tion and the precipitate sedimented in the 1.28 M sucrose 
as the rough ER-enriched fraction, respectively, due to the 
activities of marker enzymes. We noted similar increases 
in the molecular weight of ceruloplasmin in both strains of 
rats seen in the denaturing gel (Fig. 3A), during the 
transition from the rough ER to the Golgi-enriched frac- 
tion, probably due to the addition of carbohydrates. This 
observation supports the notion that the glycosylation pat- 
terns of ceruloplasmin differ little in both strains of rats. 
Moreover, structural analysis for carbohydrates did not 
demonstrate a difference in carbohydrate composition of 
ceruloplasmin prepared from both strains of rats (Sugiyama, 
T., unpublished data). 
Ceruloplasmin present in the secretory compartments 
was analyzed under non-denaturing conditions in order to 
examine the process of copper incorporation (Fig. 3B). 
Our results demonstrate that holoceruloplasmin is present 
in the Golgi-enriched fraction, but not in the rough ER-en- 
riched fraction, in the SD rat liver. This implies that the 
Golgi compartment is the likely site for the incorporation 
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of copper into ceruloplasmin. However, we cannot exclude 
the possibility that movement of holoceruloplasmin into 
the Golgi compartment has occurred immediately after the 
incorporation of copper into apoceruloplasmin in the rough 
ER, as previous kinetic studies have suggested [13]. In the 
LEC rat, in spite of an abundance of copper in the 
subcellular fractions of liver (Table 2), the incorporation of 
copper atoms into apoceruloplasmin seems to be defective, 
rather than being the consequence of substitution of amino 
acids at the copper binding sites, since the nucleotide 
sequences of ceruloplasmin DNA in the LEC and SD rat 
do not differ (One, T. et al., personal communication). 
These results suggest that the delivery of copper atoms to 
the secretory compartments proceeds properly, but their 
incorporation into ceruloplasmin in the liver of the LEC rat 
is disturbed. 
A reduction of apoceruloplasmin in the serum of SD 
rats fed a copper deficient diet was ascribed to an in- 
creased rate of disappearance of the protein from the 
circulation [32]. The LEC rat serum contains less than half 
of the immunologically detectable ceruloplasmin of the SD 
rat (Figs. 2 and 3), although the expression of cerulo- 
plasmin mRNA (data not shown) and the intracellular 
synthesis of ceruloplasmin protein are identical in both 
strains of rats (Fig. 3). These observations are consistent 
with a previous report [33] and raise the possibility that 
apoceruloplasmin is eliminated after secretion into the 
circulation. 
The localization of the intracellular site of copper incor- 
poration should help in the identification of the genetic 
defect in the biosynthesis of ceruloplasmin which charac- 
terizes the LEC rat. 
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